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Every year, more than 5 million end-of-life vehicles (ELVs) in Europe must be
properly managed, otherwise, inadequate handling will result in environmental
pollution. From an economic perspective, approximately 6 million tonnes of valu-
able materials are lost annually through ELVs. Platinum (Pt), palladium (Pd), and
rhodium (Rh) belong to the platinum-group metals (PGMs) and represent an ac-
tive component of automotive catalytic converters, which are used for the efficient
catalytic conversion of exhaust gases into less harmful compounds. The automo-
tive industry is one of the most resource-intensive sectors. As the number of mo-
tor vehicles increases, the global demand for the mentioned precious metals is
constant, as they are also listed among the critical ones. Moreover, the PGMs are
also required in green technologies related to vehicle electrification, green energy,
hydrogen production, etc. Due to their high PGM loadings, spent automotive con-
verters are valuable secondary materials that could be exploited at lower prices
and with less ecological impact on the environment compared to the extraction of
PGMs from ores. Numerous agents are proposed in the literature for the leaching
of PGMs, among which cost-effective, environmentally friendly, and sustainable
leaching solutions are preferable. The article aims to emphasise the importance
of recycling PGMs from secondary raw materials, primarily spent automotive cata-
lytic converters (ACCs), and to provide an overview of the key aspects of the cur-
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rent supply and demand challenges related to PGMs.

Introduction

The development of automotive catalytic converters
(ACCs), also known as three-way catalysts (TWCs), with
the aim of reducing exhaust emissions, was considered
one of the most significant environmental achievements
of the 20" century [1]. Therefore, since 1993, all motor
vehicles have been supplied with catalytic converters
to reduce the emission of incomplete fuel combustion
products, carbon monoxide (CO), hydrocarbons (C H ),
methane (CH,), and nitrogen oxides (NO ), according to
the proposed levels by converting them into less harmful
compounds. The precious metals, such as platinum (Pt),
palladium (Pd), and rhodium (Rh), represent active com-
ponents of ACCs in the process of the triple conversion:
oxidation of CO and C H_to CO, and H,O and reduc-
tion of NO,_ to N, [1,2]. These metals are referred to as
platinum-group metals (PGMs), together with iridium (Ir),
ruthenium (Ru), and osmium (Os), with Pt being the most
important metal in the group. Today, the great importance
of PGMs in modern technologies, electronics, advanced
chemistry, medicine, agriculture, explosives manufactur-
ing, aerospace, decarbonisation, energy storage, and
everyday use (e.g., jewellery) is recognised due to their
excellent electrical and chemical properties, resistance,

and stability at high temperatures. In recent years the
production of green hydrogen has become crucial for
net-zero emissions as global interest focuses on clean
energy technologies. PGMs improve the performance of
hydrogen fuel cells, allowing them to operate at higher
efficiencies and reliability, making hydrogen technology
more viable for widespread use [3-8].

One of the most important events that reshaped the
global trade market occurred in 2010 when China re-
duced its production of rare earth elements (REEs) by
25% and cut export quotas for REE products by 37%.
As China was the world's leading producer of rare earth
minerals, these measures led to a sharp increase in
prices. For instance, the export price for neodymium
oxide surged from $25 per kilogram in early 2010 to a
peak of $340 per kilogram in July 2011. This significant
price increase drew global attention and raised concerns
about the security of critical materials supply [9]. Europe
responded more promptly than other regions to the
economic importance and supply risk of PGMs and in-
cluded them in Critical Raw Materials (CRMs). The list of
CRMs, drawn up in 2008 as a priority measure of the EU
Raw Materials Initiative, is updated at least every three
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years, considering the current production, demand, and
technological trends [10]. CRM are materials that have
a high economic importance and supply risk, whereby
their reliable and unrestricted access is important for the
European industry. In 2011, the first list consisted of 14
CRMs [11], while the fifth list was expanded to 34 CRMs
in 2023 [12], with PGMs being considered as critical raw
materials from the outset [10]. In the most recently pub-
lished list, PGMs were also categorised as “strategic raw
materials” (SRMs), indicating materials that are impor-
tant for technologies that support the green and digital
transitions [12]. Pt, Pd, and Ir are on the “long list of met-
als within reach”, representing metals in key applications
for the energy transition in the EU [13]. The challenges
related to the availability of raw materials are also im-
portant for the United States (U.S.), especially for the
transition to a more sustainable energy supply. The U.S.
Department of Energy has also identified several critical
technologies related to energy challenges, such as en-
ergy storage, hydrogen and fuel cells, wind, solar, geo-
thermal and bioenergy, electric vehicles, and materials
essential to the green transition, such as rare earths and
PGMs [14]. Due to the current trend towards the elec-
trification of vehicles, the automotive sector in Europe
is expected to become the largest consumer of CRMs
soon [15].

The end-of-life vehicles Directive 2000/53/EC [16]
sets measures aimed primarily at preventing the genera-
tion of waste from vehicles. It also aims to promote the
reuse, recycling, and other recovery methods for end-of-
life vehicles (ELVs) and their components. The overall
objective is to minimise the amount of disposed waste
while improving the environmental performance of all
economic actors involved in the life cycle of a vehicle, in
particular those directly involved in the handling of ELVs,
which is also in accordance with the general objective of
the circular economy. The transition from the traditional
linear economy to the circular economy is a systemat-
ic and serious change that will affect many aspects of
the economy and modern society. In the new Circular
Economy Action Plan, the European Commission (EC)
proposes measures to improve the circular economy in
the automotive sector. These measures relate to the de-
velopment, production, and disposal of vehicles, improv-
ing access to resources, and contributing to the EU's en-
vironmental and climate goals. The proposed measures
are expected to generate a net gain of €1.8 billion by
2035, create new jobs, and generate profits in the re-
cycling and waste management sector. In addition, the
export of less roadworthy vehicles from the EU will be
prevented, which will reduce air pollution and associated
health risks in countries that import old and used vehi-
cles [15,17]. The new perspectives of the zero-waste ini-
tiative will ensure a good quality of life in many aspects.
At the same time, vehicle production will be guided by
increasing energy efficiency with lower emissions [18].

The recycling of PGMs also contributes to the
achievement of the United Nations Sustainable Develop-
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ment Goals (SDGs) by improving environmental quality
and overall well-being. In particular, it supports SDG 3
(“Ensure healthy lives and promote well-being for all at
all ages”), SDG 9 (“Build resilient infrastructure, promote
inclusive and sustainable industrialization and foster in-
novation”), and SDG 11 (“Make cities and human settle-
ments inclusive, safe, resilient, and sustainable”) [19].

The EU’s industry and economy are resource-reliant
on imports from the international markets for many im-
portant raw materials, including PGMs, while the sup-
ply of many CRMs is highly concentrated. For example,
China provides 100% of the EU’s supply of heavy REEs,
South Africa provides 71% of Pt and an even higher
share of Ir (93%), Rh (81%), and Ru (94%). While the
EU has domestic production of certain CRMs, the risk
of supply chain disruptions due to global geopolitical
events poses a significant threat to the already vulner-
able EU market. Investing in the recycling industry of
ACCs would help ensure a secure and independent sup-
ply of CRMs within the EU, reducing reliance on imports
of critical materials such as PGMs and maintaining the
EU's industrial competitiveness. Additionally, the supply
risks are intensified by the lower recycling rates, which
currently stand at around 50-60% globally [20,21]. In
2024, the global primary and secondary supply of Pt
amounted to 220.6 tonnes, which was lower than the to-
tal demand of 244.8 tonnes, primarily demanded by the
automotive industry and jewellery production. A similar
supply-demand gap was observed for Pd (required for
the automotive industry and electronics production), with
a deficit of 15.6 tonnes and 1.2 tonnes for Rh (automo-
tive and chemical industry). Supply constraints were also
globally evident for Ru (chemical industry and electron-
ics production), and Ir (for electrochemical applications)
[22]. Although the PGM loadings in ACCs are low, mostly
in the range of 3.2-9.4 g for an average passenger car
weighing 1,000-1,800 kg, it takes up to six months and
10—-40 tonnes of primary ores to produce about 31 kg of
Pt [23].

This paper aims to highlight the importance of spent
automotive catalytic converters from end-of-life vehicles
as valuable secondary materials for the recovery of
PGMs, with special emphasis on hydrometallurgy (i.e.
leaching), since PGM-containing ores are non-renew-
able metal sources and the global primary production of
PGMs is limited and cannot meet the total demand in
various applications.

Demand for PGMs in Green and Other Technologies

Regarding the global demand for Pt in 2023, the auto-
motive industry was in first place (104 tonnes), followed
by the jewellery industry (42.3 tonnes), the glass industry
(24.1 tonnes), and the chemical industry (20.1 tonnes).
The application in pollution control, dentistry, and bio-
medical technologies required around 17 tonnes of Pt,
followed by demand from the electrical and electronics
industry (6.1 tonnes) and the oil industry (5.4 tonnes).
In the period since 2021, the global demand for Pt has
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increased, especially in the automotive sector. The auto-
motive industry accounts for by far the largest demand
for Pd, with 272 tonnes of 322.6 tonnes of the total
global demand for Pd in 2023, followed by the chemi-
cal industry (16.9 tonnes) and the production of electri-
cal and electronic equipment (15.9 tonnes). In 2023, the
total demand for Rh amounted to 34.7 tonnes, with the
automotive industry being the sector that used the larg-
est amount of Rh (30.8 tonnes). The total primary supply
of Rh in 2023 was 28.7 tonnes, slightly lower than the
total global demand of 31.3 tonnes, mostly demanded
in the chemical industry (13.3 tonnes) and in the produc-
tion of electrical and electronic equipment (9.6 tonnes).
The total primary supply of Ir corresponded to the total
demand (7 tonnes), which was mainly required by the
electrochemical industry (3.2 tonnes) [8].

In the course of 2023, the total demand for Pt in
Europe amounted to almost 50 tonnes [8], the largest
share of which was required in the automotive industry
(around 60%) (Figure 1). Due to the new emissions leg-
islation in Europe (the Euro 6e standard will be replaced
by the Euro 7 standard for all new light vehicles, regard-
less of fuel type or powertrain, in July 2025), as well as
in China and India, the global Pt demand is expected to
increase by 11% [24]. In the case of Pd, the total demand
in Europe was more than 70 tonnes [8], with about 90%
being required for the automotive industry (Figure 2) dur-
ing 2023.
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Figure 1. Total demand (%) for Pt in different sectors in Europe
during 2023 [8]
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Figure 2. Total demand (%) for Pd in different sectors in Eu-
rope during 2023 [8]

In addition to the production of catalysts for the au-
tomotive industry, PGMs are used in a variety of envi-

ronmentally friendly industrial applications, e.g. in the
production of glass fibres, which are important for the
production of renewable energy; copper foils for lithium-
ion batteries and fuel cells, to reduce global CO, emis-
sions; biofuels and synthetic fuels that could replace fu-
els of fossil origin, etc. [8,13]. In terms of the demand
for PGMs in environmentally friendly applications, the
highest demand is for glass fibre production, where Pt-
Rh alloys are used in the equipment for the extrusion of
molten glass into fine filaments. Very large quantities of
glass fibres are also required in the renewable energy
sector for the manufacture of blades for wind turbines
and as a substitute for aluminium in frames for photovol-
taic systems. It is estimated that up to 10,000 tonnes of
glass fibres are required for 1 GW of wind power capac-
ity, while more than 3,500 tonnes are needed for photo-
voltaic frames to generate the same amount of energy
[8]. Pt is the key metal for electrolysers used in hydro-
gen production with an optimisation potential of 80—90%
compared to current quantities. Pt and Ir are among the
metals in the group of medium pull whose transition-spe-
cific demand by 2050 will be in the range of 40—100% of
their 2020 demand, while Ir is expected to have over 50%
of its demand in clean energy technologies by 2030 [13].
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Figure 3. Variations of the base price of PGMs ($/troy 0z) in
the period 1994—-2024 and the base price of Pt ($/troy oz) in the
period 2009-2024 (note: 1 troy oz = 31.1035 g) [25]

The consumption of Pd and Ru used in electronic
components was particularly high in the period 2020-
2021, which was driven by the increased demand for the
production of computers, hard drives, mobile phones,
and other devices, due to the global move towards
home-based work and activities in major economies
during COVID-19 lockdowns. Although the demand for
electrical devices has steadily declined over the past two
decades due to the miniaturisation of electronic compo-
nents, the total consumption of PGMs in electronics was
the highest in 2021 (almost 40 tonnes), followed by a
decline of a quarter between 2021 and 2023 (just over
28 tonnes) [8]. According to Johnson Matthey's base
price [25], the prices for all PGMs, especially for Rh, in-
creased after a relatively stable period around 2020 (Fig-
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ure 3). Using an empirical approach, Gleich et al. [26]
concluded that the driving factor of the nominal Pt price
is secondary production, while Fernandez [7] found that
the real price of PGMs was strongly positively correlated
with the global annual production and consumption in
the U.S. over the period 1930-2014.

Sources of Platinum-group Metals

Primary Sources of PGMs

The average concentrations of PGMs in the lithosphere
are very low, mostly in the range of 0.001-0.005 g t' for
Pt, 0.015 g t' for Pd, 0.0001 g t* for Rh and Ru, 0.005 g
t' for Os, and 0.001 g t' for Ir [27]. In ores, PGMs are
usually found as accompanying metals of oxide and sul-
phide nickel ores, sulphide copper and oxide chromium
ores, and accompanying metals of other precious met-
als, such as gold. The primary ores contain PGMs from
1to2gt', upto 10 g t', compared to copper-nickel ores,
in which PGMs are present in the much lower range of
0.1-1 g t' [28-30].

Today, the largest deposits of PGM-bearing minerals
are located in South Africa (Bushveld Igneous Complex),
Russia (Norilsk and Pechenga), Canada (Sudbury Com-
plex), the U.S. (Stillwater), and Zimbabwe (Great Dyke)
[4,6,8,30,31]. Around 92% of the Pt and 80% of the glob-

14(2) (2025) 05-21

al Rh production comes from the mines located in South
Africa. Russia and South Africa are the dominant pro-
ducers of Pd with a share of 40% and 37%, respective-
ly, while Canada, the U.S., and Zimbabwe have minor
contributions to the world production of PGMs. Since the
1900s, the maximum global production of PGMs (particu-
larly of Pt, Pd, and Rh) was reached during the course of
2005, exceeding 500 tonnes [6]. According to the system
dynamics model for PGMs, which takes into account the
supply, market price, depletion, and ore grade, recycling,
and stocks in use, Sverdrup and Ragnarsdottir [6] have
suggested that the peak of PGM production from mines
will likely happen between 2035 and 2050, while the
peak in supply to society will occur years after that. How-
ever, it is estimated that the new significant reserves of
PGMs will not be discovered soon [32], and new mines
will be opened in the already active ore bodies [33].
Depending on the occurrence in the ores, the correspond-
ing PGM grade in industrial practice may be reported as
»3E” grade (Pt+Pd+Au), »4E” grade (Pt+Pd+Rh+Au), or
even ,6E” grade (Pt+Pd+Rh+Ru/Os+Ir+Au), with Os be-
ing reported extremely rarely [29,34]. The average grade
of the estimated reserves is given in Table 1.

Table 1. The average grade of estimated reserves of platinum-group metals in the world [34]

Country Canada Russia

South Africa u.s. Zimbabwe

Grade (g t") 2.29 3E2 4.47 3E2

3.21 4E° 12.43 2E° 3.23 4EP

2 3E grade — The sum of Pt, Pd, and Au; ® 4E grade — The sum of Pt, Pd, Rh, and Au; ¢ 2E grade — The sum of Pt and Pd.

According to Mudd [29], the supply of PGMs and
the classification of economic mineral resources in the
coming decades will depend more on the social, envi-
ronmental, political, and economic factors rather than on
the geological nature or depletion of resources. Since
there is no primary production of PGMs in Europe, the
most important global supplier for the European market
is South Africa, with 94% of Pt, Rh, Ir, and Ru, while 40%
of the total share of Pd comes from Russia [12]. Although
PGMs can often substitute each other in many industrial
applications, the scarce supply remains, as it only shifts
the problem from one metal to another, considering that
the production of PGMs from mines is in the same order
of magnitude [35].

The extraction of PGMs from ores, especially low-
grade ores, undoubtedly has an adverse effect on the
environment, with the main ecological problems being
related to the generation of large quantities of solid waste
from excavation, the high consumption of water and en-
ergy, the emission of harmful gaseous pollutants during
smelting (e.g. sulphur dioxide), etc. [3]. The increase in
PGMs content during mineral processing is achieved
by flotation [28,29]. PGMs are obtained from the high-
grade concentrates with an average content of 200 g t
by the conventional “matte-smelting-refining” technique
[31,36]. Despite the similar grade of PGM ores to gold-
bearing ores, the unit environmental cost of processing
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PGM ores is generally slightly higher in regard to energy
consumption, moderately higher regarding greenhouse
gas emissions, and slightly lower concerning water con-
sumption, compared to gold production [37]. The grow-
ing interest in reclaiming tailings to achieve profitability
is also considered, as the primary production of PGMs
generates large amounts of flotation waste annually.
However, flotation tailings represent a complex polym-
etallic matrix with a low-grade value of precious metals
[34].

During the course of 2023, the total primary supply
of Pt was over 180 tonnes, with more than 124 tonnes
mined in South Africa and 24.3 tonnes in Russia. Zim-
babwe accounted for 16 tonnes and North America for
9 tonnes of primary Pt. The data for Pd is similar to Pt
in 2023 in terms of shares; 84 tonnes and nearly 73
tonnes out of 203.6 tonnes of total primary Pd supply
originated from Russia and South Africa, respectively,
followed by North America (26.8 tonnes) and Zimbabwe
(13.3 tonnes). For Rh, mines in South Africa accounted
for 17.4 tonnes out of 21.8 tonnes of the total primary
supply, while only 2.2 tonnes of Rh were mined in Rus-
sia during 2023. During the same year, the total primary
supplies of Ru and Ir amounted to 28.7 tonnes and 7
tonnes, respectively [8]. However, in recent years, geo-
political developments have impacted this supply chain,
and European countries should take several steps to
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reduce their reliance on Russian PGMs by diversifying
supply sources to South Africa, Zimbabwe, and Canada,
investing in alternative strategies and PGM recycling,
exploring local reserves, etc.

Secondary Sources of PGMs

Since the primary production of PGMs causes vast
environmental problems, it is reasonable that the re-
cycling of converters from ELVs in order to restore Pt,
Pd, and/or Rh has gained significant attention in recent
years. Recovering PGMs from secondary sources such
as spent converters has numerous advantages besides
reducing the need for virgin PGMs: a simplified process,
smaller-scale plants, lower investment and costs, a
shorter production cycle, etc. [30]. The benefits of the
circular economy are also expected in the context of
designing and manufacturing new vehicles that can be
easily dismantled and repaired during and after use [15].
Between 2019 and 2023, a significant decline in the re-
covered amount of Pt, Pd, and Rh from the secondary
sources has been observed, showing similar changes
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in the global recycling rates and secondary supply of
PGMs (Table 2). The amount of recycled Pt decreased
by nearly 38% in the 5-year period, with the most pro-
nounced drop observed in the jewellery sector, from 20.6
to 7.1 tonnes. For Pd, the secondary supply declined by
almost 18% from 2019 to 2023. The automotive sec-
tor accounted for over 80% of secondary Pd, but its
amounts decreased, contrary to the jewellery and elec-
tronics sectors, which have been stable. The secondary
supply of Rh has been completely reliant on the automo-
tive sector; however, amounts declined by almost 20%
in the 5-year period. The data could reflect the decline in
spent catalytic converters containing PGMs by reducing
the share of vehicles intended for recycling. Along with
the global transition to electric and hybrid vehicles, this
trend is likely to lead to a further reduction in the recy-
cling base for PGMs in the automotive sector, which will
impact the long-term secondary supply of these metals
in the market. However, outside China, the automotive
scrap industry has remained at a very low level [22].

Table 2. Global secondary supply for Pt, Pd, and Rh (tonnes) in the period 2019-2023 by the

main sectors [8]

Sector/Total amounts 2019 2020 2021 2022 2023
Pt
Automotive 43.2 36.0 384 375 32.2
EE 1.3 1.1 1.4 1.2 1.1
Jewellery 20.6 15.7 11.4 8.5 71
Total Pt 65.1 52.8 51.2 47.2 40.4
Pd
Automotive 90.7 83.7 89.7 84.9 72.6
EE 14.9 13.3 13.8 141 14.4
Jewellery 0.3 0.2 0.3 0.3 0.3
Total Pd 105.9 97.2 103.8 99.3 87.3
Rh
Automotive 11.1 10.5 11.2 10.4 8.9
Total Rh 11.1 10.5 11.2 10.4 8.9

EE — electrical and electronic devices.

Table 3. The total number of end-of-life vehicles
in the period 2008—2021 [39]

and total weight (tonnes) in the European Union

Parameter 2008 2009 2010 2011 2012 2013

2014 2015 2016 2017 2018 2019 2020 2021

e 5079 7700 6213 5555 5123 5085 5043 4968 4,823 5300 6105 6074 5370 5674
‘I’E"f\i,i'jmf 4789 7108 6096 5540 5109 5332 5279 5217 5130 5708 6,758 6909 6,156 6,526

* Values multiplied by 1,000; The Eurostat estimates given for the period 2009-2011, 2013, and 2021.

End-of-life Vehicles

The decline in annual light vehicle sales in Europe,
Japan, and North America between 2019 and 2022,
amounting to a total reduction of 9.4 million units, com-
bined with the global COVID-19 pandemic, significantly
disrupted vehicle circulation in the market and, conse-
quently, the supply chain for secondary raw materials
[22].

From an environmental, technological, and economic
perspective, the collection of ELVs is one of the first es-
sential steps of the recycling of PGMs from spent ACCs
[38]. In the period from 2008 to 2021, the total number

of ELVs reported in the EU was over 78 million, corre-
sponding to a total waste generation of over 76.3 million
tonnes (Table 3). The total number of ELVs reported in
the EU in 2021 was estimated at 5.674 million, which rep-
resents an increase of 5.7%, compared to 2020. Among
the member states, the number of ELVs reported in the
EU in the period 2008-2021 was the highest in Italy and
France, followed by Spain and Germany [39].

According to Directive 2000/53/EC on ELVs [16],
since 2015, the EU member states have had to intro-
duce systems to meet the required recycling and reuse
rates of at least 85% of the average weight per vehi-
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cle and the recovery and reuse requirements of at least
95% for all new vehicles placed on the market [40]. In
the context of ELVSs, ‘recycling’ means any reprocessing
of the waste materials, either for the original purpose or
for other purposes, including backfilling operations (the
use of non-hazardous materials resulting from disman-
tling or shredding for technical purposes) but excluding
energy recovery, whereas ‘recovery’ is related to any
process that can be categorised as recycling (including
backfilling) or energy recovery [39]. During the period

100

= Recycling rate Recovery rate

95
20

85

% of weight of vehicle

80

75

2008 2009 2010 2011 2012 2013

2014
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2008-2014, the targets were lower and amounted to a
recycling/reuse rate of 80% and a recovery/reuse rate of
85%. As shown in Figure 4, the overall recycling and re-
covery rates of ELVs were generally on an upward trend.
In 2021, 20 of the EU member states reported recycling/
reuse rates of 285%, with 4 states reporting rates in the
range of 80.0—-84.9%. In the same year, 18 states report-
ed recovery/reuse rates of >95%, 3 countries each re-
ported rates in the ranges of 90-94.9% and 80.8—85.8%.

2015 2016 2017 2018 2019 2020 2021

Year

Figure 4. The total recycling and total recovery rates (%) of end-of-life vehicles in
the European Union in the period 2008-2021 [39]

Automotive Catalytic Converters

The most common structure of an ACC is a honey-
comb-type cordierite (2MgO-2Al,0,-5Si0,) skeleton with
a density of 60—120 cells per cm?, which is placed in a
thermally insulated stainless steel box. To increase the
contact area with gases, the skeleton is coated with a
very porous wash coat (50—200 um of thickness) consist-
ing of 90% y-Al,O,, and a mixture of base metal additives
(mainly oxides of Ce, Zr, La, Ni, and Fe). As the active
components of the ACCs, the PGMs are impregnated
into the wash coat mainly in the form of salts of hexa-
chloroplatinic acid (H,PtCl,-6H,0), palladium(ll) chloride
(PdCl,), and rhodium(lll) chloride (RhCl,) [2,4,30]. The Pt
content in catalytic converters depends on the defined
air pollution standard and the type and size of the ve-
hicle engine (Figure 5a) [41]. For example, the Pt con-
tent ranges from 1-2 g in ACCs installed in smaller cars,
meeting the less regulated emission standards, to 12—15
g Ptin larger trucks subject to stricter standards [32]. Pd
and Rh could be present in ACCs in a wide range of 3.8—
5,820 ppm and 1.1-2,390 ppm, respectively. The total
PGMs loading could range from 140 ppm to 12,000 ppm
per ACC [42], certainly much higher than the contents
in the primary PGMs ores, and at the same time sus-
tainably renewable compared to the projected mineral
reserves (Figure 5b).

In general, the service lifetime of ACC is estimated
to be more than 10 years of use [30], or 160,000 km for
petrol vehicles and 200,000 km for diesel vehicles [3].
During use, converters can be deactivated due to fouling
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(usually caused by coke deposits), poisoning (occupa-
tion of active sites on the catalytic converter surface by
catalytic reaction products), and/or degradation due to
thermal shocks caused by numerous heating and cool-
ing cycles of the converter [4]. It should also be men-
tioned that PGMs are thermally mobilised and mechani-
cally ablated during the lifetime of converters, resulting in
the emission of PGM-rich particles into the environment
[43,44]. High concentrations of Pt, Pd, and Rh in different
samples of soils and dust collected at sites adjacent to
roads have been confirmed in many studies [43,45,46],
thus presenting not only an environmental, but also an
economic problem, since a certain quantity of the PGMs
is lost. The highest recorded concentrations of Pd and
Pt in the soil sampled up to 5 m from the edge of the ex-
pressway of urban and roadside environments of Toronto
(Canada), amounting to 320 ppm and 128 ppm, respec-
tively. Also, high concentrations of Pt, Pd, and Rh were
detected in the street dust sampled at street shoulders
of the expressway, amounting to 0.121 ppm, 0.026 ppm,
and 0.0078 ppm, respectively [46]. For comparison, the
average Pt concentration in soils without anthropogenic
impact is approximately 0.14 ppb [43].
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Figure 5. (a) The PGM loadings per spent automotive catalytic convert-
ers (grams) depending on the vehicle type used in secondary production
of PGMs [30,32,41,42]; (b) The average contents of PGMs in ores (g t")
regarding the largest primary producers of PGM in the world and esti-
mated reserves (tonnes) of a different grade (2E=Pt+Pd, 3E=Pt+Pd+Rh;
4E=Pt+Pd+Rh+Au) [47]

Table 4. The difference in environmental impact potential between pri-
mary and secondary production of PGMs per kg of metal [48]

Impact Platinum Paladium Rhodium Iridium  Ruthenium
category Primary Secondary Primary Secondary Primary Secondary  Primary Primary
g:‘;f‘i'ng 36,828 28,004 38,027 42,096 42,000
potential 18,3332;; 477 18,1798 497 18,6128 497 19,4562; 19,4862;
[kg CO2 eq.] 14,383 15,937 14,507 14,564 14,954
Primary energy

demand 494,563 9,976 425,546 10,370 508,222 10,402 548,987 547,114
[MJ]

Acidification

potential 1,687 1.26 4,507 1.29 1,446 1.30 887 926
[mole of H* eq.]

Eutrofication

potential 687 3.68 450 3.70 715 3.77 812 811
[mole of N eq.]

Photochemical

ozone creation

potential 258 0.95 380 0.95 249 0.97 236 238
[kg NMVOCs

eq.]

Blue water

consumption 297,006 2,419 343,960 3,654 305,879 3,458 335,220 329,931

[kq]

NMVOCs — Non-methane volatile organic compounds; Blue water consumption — The amount of fresh water from surface or groundwater
sources used for anthropogenic activities; (") Conservative scenario for reduction of global warming potential modelled for 2030, reference
year 2022; (@) Best-case scenario for reduction of global warming potential modelled for 2030, reference year 2022.
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The LCA, which included in the analysis >95% of
global primary (Russia, South Africa, U.S., and Zimba-
bwe) and about 60% of secondary (China, Germany, Ja-
pan, South Africa, UK, and U.S.) production of PGMs (Pt,
Pd, Rh), showed that more than 98% of CO, eq. per kg
of PGMs and 90% of energy consumption were reduced.
The water consumption needed for recycling is less than
4 kg per kg of PGMs, compared to hundreds of kg of
water used for primary production (Table 4). However,
estimates are that from 35% to 61% of CO, eq. emis-
sions from the primary production of PGMs will be re-
duced due to the shift from hard coal towards renewable
energy sources in South Africa, depending on whether a
conservative or best-case scenario is modelled for 2030,
respectively [48].

Recycling of Spent Automotive Catalytic Converters

After deactivation, ACCs become valuable second-
ary materials. The economic sustainability of recycling
is determined by a few crucial factors summarised at
the microeconomic level (e.g. waste type and compo-
sition, current market prices for recyclable metals, rev-
enues, energy utilization, environmental regulations,
safety standards, etc.) and at the macroeconomic level
(e.g. resource conservation, security of supply, responsi-
ble sourcing, reduced carbon footprint and supply effect
on environment, reduced costs from landfilling or waste
treatment, etc.). For efficient recycling, simply having a
highly efficient process as the final step is not sufficient.
Efficiency in retaining the high value of the process must
be maintained throughout the entire recycling chain,
from the collection of end-of-life products to pre-process-
ing and final processing. A lower quality of the recycling
process will result in higher metal losses. The overall ef-
ficiency is usually determined by the weakest link in the
chain, which is often the collection process [49].

The recycling process of spent ACCs depends on
three main factors: the loading of PGMs per converter,
the properties of the PGM carriers and the wash-coat
additives, and the load of impurities that have accu-
mulated on the catalyst [50]. The combination of these
factors represents a complex system containing a multi-
component base with a relatively low PGM content [51].
The methods used for the recycling of spent ACCs can
be categorised into two main groups: hydro- and pyro-
metallurgy [4]. The main advantage of the pyrometal-
lurgical method is the high recovery rate, but the high
energy consumption is its disadvantage. Maximising the
recovery of PGMs from spent ACCs is crucial for both
environmental and economic reasons, often achieving
recoveries of up to 93% for Rh and up to 97% for Pt and
Pd. Melting the cordierite skeleton of converters requires
high operating temperatures (1,500-1,900 °C), the addi-
tion of fluxes, and a long processing time in specialised
equipment, making it unsuitable for small-scale facilities.
In addition, rare earths such as Ce and Zr are also finan-
cially viable and cannot be recovered as they concentrate
in the slag phase during concentrate processing [41,52].

The basic route of recovering PGMs from spent ACCs by
hydrometallurgy involves five main steps: sampling/ho-
mogenization, pre-concentration, dissolution (i.e. leach-
ing), metal isolation, and purification [30]. Subsequently,
PGMs are usually collected from the leached solution
by precipitation or cementation reactions or solvent ex-
traction [50]. Gas-phase volatilisation or selective chlo-
rination processes represent the third group of recycling
methods that have several economic and environmental
advantages over the metallurgical method, especially in
the case of Rh recovery, since the hydrometallurgical
method is considered economically unviable [53]. Sug-
gested by Shen et al. [54], multi-combined processes
could also be applied, consisting of pre-treatment of the
crushed catalyst in the air at 800 °C, followed by chlorin-
ation and leaching. In recent years, some new recycling
methods have been considered, using a magneto-hydro-
dynamic (MHD) pump [38], in which cut monoliths are
mechanically crushed to boost the reaction surface area
after the liquid refined Pb is introduced into the channel
of the MHD pump. The MHD pump consists of a driver
made of magnetic cores on which the multiphase wind-
ings are wound and a channel for the liquid Pb between
the cores. By rinsing the catalysts several times with Pb,
the contained PGMs are transferred into the liquid phase.
However, additional steps must be taken in order to ex-
tract the PGMs.

Ghodrat et al. [55] compared pyro- and hydrometal-
lurgical methods of PGMs recovery using the Life Cycle
Assessment (LCA). The results indicated that hydro-
metallurgy has a minor effect on the environment, in
regard to the global warming effect, ozone layer deple-
tion, eutrophication, and human health. Hydrometallurgy
proved to be extremely beneficial in terms of lower op-
erating temperatures, recovery of co-metals, easy con-
trol of process parameters, and it can be implemented
in small-scale and large-scale facilities. In addition, the
liquid effluent generated during leaching is simpler to
control compared to the gaseous products released dur-
ing pyrometallurgical processes [42]. Combined pyro/
hydrometallurgical processes are in use, for instance, at
the Umicore precious metal refinery in Belgium. Cu, Pt,
and other metals from the mixture of spent ACCs and
electronic waste are recovered by smelting, with the
produced concentrate being further processed by hydro-
metallurgy [4]. Ivanovi¢ et al. [56] proposed a pyrometal-
lurgical method combined with electrolytic refining for the
treatment of spent ACCs in order to obtain high-purity
Cu cathodes (99.99%) and PGMs (mainly Pt and Pd) of
equal purity. In addition to the selection of the recycling
method, the limitations associated with the application of
recycled PGMs should also be considered. Andersson et
al. [57] concluded that only Pt from recycled ACCs from
ELVs can be functionally reused for the same applica-
tion. The high recovery rates for PGMs are the focus of
novel recovery methods, as well as cost effectiveness
and eco-sustainability [58]. The selection of less toxic
and less flammable extractants, such as ionic liquids,

-
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for the recovery of PGMs from solution, offers advan-
tages for hydrometallurgical processes in terms of higher
recovery rates and safety of operating conditions [42].

Other than the Umicore plant, the recovery and refining
of PGMs from secondary materials has already been
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successfully implemented in facilities such as Heraeus
(Germany), BASF/Engelhard (U.S.), Johnson Matthey
(United Kingdom), and Nippon/Mitsubishi (Japan) [30].

Table 5. Key differences between pyrometallurgical, hydrometallurgical, and bioleaching processes employed for the recovery
of platinum-group metals from spent automotive catalytic converters

Parameter

Pyrometallurgical

Hydrometallurgical

Bioleaching

Energy consumption
Reagent use

Application
Recovery rates”

Co-metal recovery

Main disadvantages

Main advantages

High (>1,200-1,800 °C)

Fluxes (cryolite, borax, lime, soda ash,
etc.), base metal collectors (Fe, Cu, Ni,
Pb), reductants (C, coke, etc.)
Large-scale facilities

High (>95%)

Very limited
High environmental impact regarding
emissions of waste gases, dust, and solid
waste generation (slug); High flux
consumption; Need of a large amount of
waste input.
High recovery rates of PGMs (>95-99%);
High capital investment for equipment and
infrastructure; Continuous, well-established
industrial process; Fast process; Possibility
of melting other scrap materials
(e.g., electronic waste) in the same batch.

Low to moderate (<105 °C)

Strong acids and bases, oxidants,
complexing agents, etc.

Small- to medium-scale facilities
High for Pt and Pd (>95%), lower for Rh
(<70% without pre-treatment)
High selectivity (base metals, Ce, Zr)

Chemically complex process; Emission of
liquid effluents that need treatment;
Emission of toxic gases; Corrosivity of
used solvents and formed products.

Lesser capital investment compared to
pyrometallurgy; Moderate impact on the
environment; Highly controllable process;
Replacement of strong acids with eco-
friendly reagents.

Low to moderate (25-80 °C)

Microorganisms (bacteria, fungi, archaea)
and enzymes; Acids.

Small-scale facilities
Low to high, depending on the metal (>30—
95%)
High selectivity (base metals)

Extensive PGM extraction methodology;
Slow kinetics; Lower recovery rates; Not
commercialised method.

Low-cost method; Use of more eco-friendly
Solvents compared to hydrometallurgy;
The most sustainable recovery process;

Economical technology.

* The recovery rates for PGMs are generalised.
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Prior to recycling, ACCs need to be well prepared
and homogenised to obtain a representative sample for
the composition analysis, as the content of PGMs and
base metals significantly influences the selection of the
recycling method that ensures high recovery rates [30].
Regardless of the method, the processing of ACCs ini-
tially involves de-canning of the ceramic monolith. In the
pyrometallurgical route, the waste material is placed in
a smelter with fluxes and collector metals, while in the
hydrometallurgical route, the material undergoes pre-
treatment, including residue cleaning. In order to remove
Fe-containing impurities that may originate from the de-
canning phase, magnetic separation can be applied [42].
Thermal pre-treatment prior to leaching is often sug-
gested, e.g., pre-treatment in a hydrogen stream (at a
temperature of 250 °C), in an air stream (250 °C) [2], or
in a Zn vapour stream (>600 °C) [59]. For example, the
hydrogen stream stabilises the PGMs in their metallic
form, while at higher temperatures, adhered C H_ and
charcoal from the catalyst surface are eliminated [2]. In
addition to thermal pre-treatment, grinding and calcina-
tion can also be used. The results of the study by Sun
et al. [60] showed that of three different pre-treatment
methods, such as grinding, calcination, and reduction,
grinding reduced the leaching rate of PGMs, while re-
duction with HCOOH and calcination with NaHSO, im-
proved the leaching of Pt and Rh, respectively.

Table 5 summarises the data on the key performance
indicators of the different processes for the recovery of
PGMs from spent ACCs, while in Figure 6 the main steps
of pyrometallurgical (Figure 6a) and hydrometallurgical
(Figure 6b) processes are compared.

Solutions for PGMs Leaching from Spent ACCs

Based on the oxidising agent, the leaching of Pt and
other precious metals can be performed by leaching:
with aqua regia (after pre-treatment), in the presence
of chloride ions, with hydrogen peroxide, with cyanides,
with iodide/iodine, and other solutions [4]. Aqua regia
is considered to be one of the most effective leaching
agents for PGMs, capable of completely dissolving both
Pt and Pd from ACCs. However, due to the significant
challenges in practical application associated with high
handling costs and environmental concerns, such as the
generation of toxic and corrosive NO, gases and acid
fumes that require chemical treatment and cause failure
of the equipment [2,4,60], aqua regia has become a less
competitive leaching agent. The high concentrations of
HCI can only partially dissolve PGMs, and oxidants other
than HNO,, such as H,0,, Cl,, and NaClO,, need to be
added. The specific reactions of the two most commonly
used oxidants, H,O, and HNO,, with Pt, Pd, and Rh are
given in Egs. (1)-(10) [3,30,60]:

PtCI2~ 4 2e™ = PtCl3™ 4 2C17; Eg = 0.74 Veerverrereiveeirereneenes )

PtCI2™ + 2e™ = Pt + 4C17; Eg = 0.73 Veevrrenremnieniniieie (2)

14

PACIZ™ + 26~ = Pd + 4C17; Eg = 0.62 Verereeerererererensesssneninn. (3)
RhCE™ + 3e™ > Rh + 6C17; Eg = 044 Verreereeneenennnnnnniennnnns (4)
Pt + 6HCl + 2H,0, — PtCI2™ 4+ 2H* 4 4H,0 -oovveeeeeeinieieenn (5)
Pd + 4HCl + Hy0, - PACIZ™ + 2H™ 4 2Hy 0 vveeeveeeninenennnen. (6)
Rh + 12HCI + 3H,0, — 2RhCIE™ + 6HT 4 6Hy0:cocvvvveevveenene (7)
3Pt + 18HCI + 4HNO5 — 3PtCI2~ + 6H* + 4NO + 8H,0 -+-veren- (8)
3Pd + 12HCl + 2HNO; — 3PdCIZ™ + 6H* + 2NO + 4H,0 ===+ 9)

Rh + 6HCl + HNO3 — RhCI3™ 4 3H* 4 NO + 2H,0eeveveeene (10)

In industrial practice, the method of wet chlorination
in the presence of HCI acid for the recovery of precious
metals is also not widely used as chlorine is a highly cor-
rosive, toxic, and dangerous gas. Particularly, handling,
using, and disposing of excess chlorine are challenging
and difficult tasks of the method. However, Kim et al. [5]
proposed an eco-friendly treatment technique of in-situ
electro-generated chlorine, compared to the conven-
tional treatment process of chlorination. In the cathodic
compartment of an in-situ cell for chlorine electro-gen-
eration, the undamaging treatment was accomplished
through the electrochemical reduction of unconsumed
gas [5]. This would markedly decrease the requirements
for chlorine supply and enhance the overall safety of the
process. Regarding the amount of used chlorine, it could
be reduced by carbochlorination by introducing CO into
the gas mixture, according to Kim et al. [53].

Hammadi et al. [63] studied the optimal conditions for
leaching Pt and Pd from the powder sample (<250 pm) of
catalytic converters with aqua regia solution for three op-
erating factors: time (30—120 min), temperature (25-100

°C), and solid to liquid ratio (S/L 1:5-1:20). The experi-
ments showed that the increase in the level of each fac-
tor tended to increase the leaching efficiency of Pt and
Pd, resulting in the following optimum conditions: 120
min, 100 °C and S/L ratio of 1:20. At these conditions,
the resulting leaching efficiencies were >97% for Pt, and
>93% for Pd. After the leaching, Pt was initially precipi-
tated as (NH,),PtCl, by adding 5 mol L' NH,CI, while Pd
was precipitated in the form of (NH,),PdCIO, from the
remaining solution by adding 5 g L' NaClO,. After the
precipitation step, which was performed at 50 °C for 1
h, the total recoveries of Pt and Pd were 91.94% and
98.82%, respectively. The leaching of Pd, Pt, Rh, and
Ru in a microwave with the Cloud Point Extraction (CPE)
proves to be a fast and efficient method considering the
energy use, according to Suoranta et al. [64]. The leach-
ing efficiencies of pulverised spent monolith automotive
catalysts (<74 um) were compared for three reagents,
HCI(CW.), HNOB(mnC., and aqua regia in the temperature
range of 90-210 °C. During CPE, PGM ions in reaction
with a complexing agent formed neutral hydrophobic
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complexes, which were extracted from an aqueous solu-
tion by adding a surfactant to micelles. Afterwards, by
heating the system above its cloud point temperature,
the phase loaded with surfactant was separated from
the aqueous phase. A series of leaching experiments
showed that concentrated HCl and aqua regia were able
to leach more than 90% of Pd, Pt, Rh, and Ru at >150
°C, while slightly lower leaching gains were observed at
120 °C (78-93% of Pd, Pt, Rh, and Ru). Suoranta et al.
[54] studied diluted HCI (1 mol L"), considered a rela-
tively environmentally friendly leaching reagent, where
the recoveries obtained were 91+6% for Pd, 91+5% for
Pt, 85+6% for Rh, and 66+11% for Ru, at 120 °C. As for
the amount of matrix elements (Al, Ce, Zr) in the ACCs,
the content was also reduced by over 95% during CPE.
Sun et al. [60] reported an environmentally friendly route
for leaching spent ACCs, but with lower outcomes. After
calcination pre-treatment of the samples with Li,CO,, the
achieved leaching efficiencies of Pt, Pd, and Rh were
70.87%, 55.48% and 27.12%, respectively, under optimal
conditions of 12 mol L-" HClI for 2 h at 80 °C.

According to the Eh-pH diagrams, the dissolution
of Pt, Pd, and Rh in binary mixtures of HNO3/HCI and
H,O,/HCI is thermodynamically possible (Egs. (1)-(4)),
which is important since the usage of less harmful leach-
ing reagents is environmentally beneficial and sustain-
able [2]. De Aberasturi et al. [2] confirmed that more than
95% of the recovery rate could be obtained by replacing
HNO3 in aqua regia with H,O,. The proposed mixed rea-
gent contained 80 mL of HCI (12 mol L"), 5 mL of H,O,
(110 vol.), and 5 mL of H,SO, (18 mol L"). The energy
consumption for the leaching process was studied at the
optimum temperatures (65 and 90 °C) and for different
reaction times (2, 4, 6, 8, and 10 h). The results showed
that the extraction rates for Pt, Pd, and Rh increased
at 90 °C as the reaction time increased to 6 h. For better
leaching results, thermal pre-treatment at 250 °C for 22 h
was applied. Quantitative solvent extraction of PGMs
was also studied by D’yachkova et al. [51], by autoclave
decomposition of ACCs in the temperature range of
160—240 °C for 0.5—4 h, using binary mixtures of HCI/
HNO3 and HCI/H,O,. Under the optimum conditions
(temperature 220 °C, decomposition time 1.5 h, sample
weight 0.5-1.0 g, and reagent volume 10 mL), the leach-
ing results for Pt, Pd, and Rh differed slightly (0.03% to
0.30%) between the two binary mixtures. Rumpold and
Antrekowitsch [52] showed that, in addition to the PGMs,
Ce can also be recovered from spent catalysts with a
mixed HCI/H,O, leaching agent, with a recovery rate of
86%. By adding precipitation agents (potassium and so-
dium sulphate, and H,SO,), insoluble Ce(SO,), is formed.
Aluminium was used as a suitable agent for cementation,
resulting in the recovery of 90% of Pt and 65% of Rh.
The authors proposed the regeneration of the leaching
solution, which minimises wastewater generation, while
the process residues represent potential by-products for
the refractory industry and paper production. Atia and
Spooren [65] showed a new, extremely fast microwave-
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assisted leaching process in 6 mol L' HCI to solubilise Pt,
Rh, and Ce from ACCs. Leaching was conducted with-
out milling (the honeycomb structure was retained after
leaching), oxidation agents, and internal mixing (which
simplified the reactor design), resulting in lower overall
process costs. The highest extraction yields were 99+4%
of Pt, 95+1% of Rh, and 104+3% of Ce, at a tempera-
ture of 220 °C, and a liquid to solid ratio of 1:10 for 3
min in the microwave. In addition, the authors proposed
a sustainable PGMs extraction by reducing the amount
of HCI for extraction by adding 3.8 M NaCl under the
same operating conditions, which resulted in a reduction
of the overall recovery, yielding a leaching efficiency of
68+2% Pt and 67+5% of Rh. The results also showed a
lower solubilisation of Ce (39+1%). Nogueira et al. [66]
showed an effective leaching process for the recovery of
Pd and Rh from spent ACCs using Cu?* ions as a suitable
oxidising agent for PGMs at high CI- concentrations. The
suitability of the aqueous HCI/Cu?* leaching media, as
an alternative reactant system to the conventional ones,
was proven, as the maximum recoveries of 95% Pt and
86% Pd were achieved under optimised conditions (80
°C, 4 h, 6 mol L"* HCI, 0.3 mol L" Cu?*). According to the
experimental data, the most important parameters for
the leaching of Pt and Pd were the concentrations of HCI
and Cu?* ions, as well as the temperature in the case of
Rh. The effect of leaching time was significant for Rh, as
the maximum recovery yield was reached after 4 h of
reaction time, while the maximum leaching rate for Pt
was reached after 1 h.

The advantages of cyanides over acids are related to
lower corrosion, the possibility of selective PGMs extrac-
tion, lower base metal dissolution, no need for chemical
transport, etc. On the other hand, the excessive use of
cyanide is associated with higher environmental risks.
In this regard, biological cyanidation is considered to be
one of the highly promising, eco-friendly methods, as
bacteria produce cyanide and can subsequently detox-
ify it [67]. Chen and Huang [28] proposed a two-stage
pressure cyanidation method in a 50 L autoclave, as the
chemical reaction between NaCN and PGMs is kinetical-
ly weak at room temperature and atmospheric pressure.
The pre-treatment by pressure alkaline leaching (160 °C,
25gL"NaOH, 2 h, p(O,) = 2 MPa, L/S ratio of 4:1) was
applied in order to remove carbon and gasoline impuri-
ties accumulated on the surface of ACCs. The optimum
conditions for the two-stage cyanidation in a 5 kg-scale
batch experiment were: 160 °C, 6.25 g L'* NaCN, 1 h,
p(0,) = 1.5 MPa, L/S ratio of 4:1, with the obtained re-
coveries of Pt, Pd and Rh being 95-96%, 97-98% and
90-92%, respectively, by zinc cementation (60-80 °C,
pH 9.5-10, 2 h, 1 atm). During the proposed method of
pressure cyanide leaching of PGMs, the following chem-
ical reactions (Egs. (11)-(16)) occurred [28,30,68]:

2Pt + 8NaCN + 0, + 2H,0 — 2Na,[Pt(CN),] + 4NaOH -----(11)
2Pd + 8NaCN + 0, + 2H,0 — 2Na,[Pd(CN),] + 4NaOH
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2Ph + 24NaCN + 30, + 6H,0 - 4Na,[Ph(CN),] + 12NaOH..(13)

3
PUCN)F™ +3 0p + 7Hy0 — Pt 4NHs + 4C0; + 20H™ s (14)
-43 - (15)
PA(CN)™ +3 0z + 7H,0 = Pd+ 4NHy +4C0; + 20H™ eevveer:
3 9 21 _ (16)
Rh(CN)}~ + 1 0, + 7Hzo — Rh +6 NH3 +6 CO, +3 OH ™ -+++-+++-

Due to the bonding strength of the PGMs, Chen and
Huang [28] noted the order of cyanide leaching efficien-
cies as Pt>Pd>Rh.

A two-stage process was developed by Shin et al.
[67] in order to improve biological cyanidation leaching,
such as low production of cyanide and an unsuitable pH
needed for bacterial growth. The results showed that
biogenic cyanide can replace chemicals for the leaching
of the PGMs from spent ACCs. In the first stage, cya-
nide was produced biologically by the cyanide-producing
bacteria Chromobacterium violaceum and then used in a
separate vessel to recover PGMs in the second stage of the
process. Under the same conditions ([CN7] = 1,000 mg L,
150 °C, 1 h, 200 rpm), the leaching efficiencies of Pt, Pd
and Rh with biogenic cyanide were 92.1%, 99.5% and
96.5%, respectively, which were slightly lower compared
to the leaching efficiencies with chemical cyanide (100%,
99.9% and 100%, respectively). Due to the high chemi-
cal inertness of Rh, lower recovery rates for Rh leaching
are noted in the literature [58]. However, Shin et al. [67]
have shown that biogenic cyanide can leach Rh in high
percentages.

Solvometallurgy is a new extractive metallurgy con-
cept that aims at metal recovery using nonaqueous so-
lutions. This approach can be utilised for the selective
leaching of metals, taking advantage of the differences
in mechanisms of metal extraction. Solvometallurgy
complements pyrometallurgy and hydrometallurgy, offer-
ing several benefits: minimal water consumption with no
wastewater generation, combined leaching and solvent
extraction in one step for simplified processes, and high-
er selectivity compared to acidic leaching [69]. Organic
extractants have also proven to be efficient in combina-
tion with chloride or other solutions. Lee et al. [70] devel-
oped a complete solvent extraction route at a laboratory
scale for the separation and recovery of Pd and Pt from
chloride leach liquors by commercial organophospho-
rous and amine-based extractants at room temperature
(30+1 °C) and distilled kerosine (96.2%) as diluent. The
proposed method could be applied for PGMs extraction
from spent ACCs. The used extractants for Pd and Pt
were tri-n-butyl phosphate (TBP) and quaternary amine
Aliquat 336, respectively. The quantitative and selective
separation of Pd from Pt and other base metals (Cr, Mn,
Ni and Fe) was carried out by extraction with 0.0054 mol
L' TBP in two stages at an aqueous to organic phase
(A/O) ratio of 3.75, after which the stripping of Pd from the
loaded organic phase was conducted by 0.5 mol L' thio-
urea (O/A ratio of 5) at low HCI concentration (0.1 mol L"),
corresponding to a Pd extraction efficiency of 99.9%. On

the other hand, for Pt extraction required 0.011 mol L™
Aliguat 336 at an A/O ratio of 3, while the stripping solu-
tion contained 0.5 mol L' thiourea (O/A ratio of 4) at a
low acid concentration (0.5 mol L' HCI), corresponding
to a Pt extraction efficiency of 99.83%. Nguyen et al. [71]
studied the leaching of PGMs from spent ACCs using
two oxidising agents, FeCl, or CuCl,, in organic solvents,
dimethyl sulfoxide (DMSO) or acetonitrile (CH,CN). The
oxidative dissolution of Pt, Pd, and Rh depended on the
temperature, leaching time, concentration of oxidizing
agent, and S/L ratio. Pd was quantitatively dissolved
with 0.01 mol L' FeCl,/CH,CN, followed by complete
leaching of Pt and Rh with 0.3 mol L FeClL,/CH,CN. The
solvent CH,CN was recovered by distillation after both
selective leaching. In order to separate Fe and Pt from
Rh in ethylene glycol, the nonaqueous solvent extraction
using Aliquat 336 (ionic liquid diluted in the green solvent
p-cymene) was employed. Subsequently, the recovery
of Fe and Pt from the ionic liquid phase and the regen-
eration were done by selective stripping with water and a
thiourea solution, respectively.

Reddy et al. [72] have also studied the solvent ex-
traction method of selective separation and complete
recovery of Pd from the leach liquor with extractant 0.5
vol.% LIX 84l (2-hydroxy-5-nonylacetophenone oxime in
a mixture with a high flash point hydrocarbon diluent) in
kerosene. After the extraction of Pd at an A/O ratio of
3, in two stages, stripping from the loaded organic was
achieved with acidified (0.5 mol L' HCI) thiourea at a low
concentration of 0.5 mol L'. The quantitative co-extrac-
tion of Fe and Pt was possible from the raffinate, with 5
vol.% Alamine 336 (tertiary amine of mixed tri-octyl/decyl
amine) in kerosene, at an A/O of 2. Selective scrubbing
of Fe was done in two stages (dilute HCI, A/O of 1.5), af-
ter stripping of Pt from the loaded organic was achieved
with 0.1 mol L' HCI and 0.5 mol L' thiourea at an A/O
of 4. The purity of the obtained Pd and Pt strip solutions
was high, amounting to 99.7%.

Senthil et al. [73] suggested a very efficient method
for the extraction of Pd from mixed metal/spent ACCs
residues using the macrocyclic ligand MADTTCA
(11,17,23-tetrakis-[(p-methoxyphenyl)azo]-25,26,27,28-
tetrakis[(dimethyl thiocarbamoyl)oxy]thiacalix[4]arene)
in an HCI acid medium, and chloroform as a diluent. The
results showed that the synthesised reagent is a suit-
able candidate for industrial-scale application. The equi-
librium extraction for Pd was achieved after an optimal
contact time of 15 min with 0.1 mol L' thiourea in 1.0
mol L' HCI solution, with very high selectivity towards
Pd (>99.7%), from a mixed solution of Pt, Rh, Al, La, and
Ce ions. The following stripping reagents were discarded
due to their low efficiency 0.1 mol L' HCI (only 7.8% Pd
was stripped), 1.0 mol L' H,SO, (4.3% Pd), 1.0 mol L
HNO, (22.7% Pd), and 2.0 mol L acetic acid (8.6% Pd).
In addition to the sustainability of the method, the pro-
posed extractant could be reused at least 5 times without
any significant loss of its properties. The maximum load-
ing capacity of Pd was found to be 417 mg L' using 1.0
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mmol L" MADTTCA at the stoichiometric ratio of 1:1.

llyas et al. [74] showed the results of liquid—liquid
separation of Pt, Pd, and Rh from a chloride leach solu-
tion applying the Cyphos IL 101, which is a phosphoni-
um-based ionic liquid. After 30 min at an O/A ratio of 1,
the achieved leaching extraction for Pt and Pd was 99%,
while the efficiency for Rh was significantly lower at 22%.
Since Rh can affect the purity of Pt and Pd, it was im-
perative to efficiently scrub out Rh from the loaded ionic
liquid. The concentration of the 5.0 mol L' HCI solution
was optimised for scrubbing >93% of Rh. Subsequently,
Pt was quantitatively stripped over Pd with 0.1 mol L
NaSCN solution in two stages of counter-current with an
efficiency of ~99%, leaving Pd in the Pt-depleted organic
phase from which it was stripped in a single stage of
contact with 0.02 mol L' CH,N,S solution, resulting in
>99% Pd recovery. The results of the extraction-stripping
cycles clearly demonstrated the stability and reusability
of the proposed ionic liquid as a potential green extract-
ant with excellent regeneration performance while main-
taining the constant leaching efficiency after five cycles
of regeneration.

Conclusion

It is evident that the current approach of utilising valu-
able materials of secondary origin must be changed for
both economic and environmental reasons. Recycling is
preferable and highly beneficial for end-of-life products,
such as spent automotive catalytic converters that con-
tain various economically recoverable metals (including
platinum-group) and materials, enabling their economi-
cal reuse. Regarding PGMs, the use of virgin raw ma-
terials, which have a significant environmental impact
during mining and processing of PGM-containing ores,
needs to be avoided, and as a premise of sustainable
development, the recycling of PGMs from secondary
raw materials should be prioritised. The integration of cir-
cular economy concepts into the PGM recovery will pro-
vide significant opportunities for sustainability through
improved recycling methods. Recycling of spent ACCs
can reduce the carbon footprint and overall environmen-
tal impact of raw material processing and prevent the
generation of waste as much as possible by lowering
the need for landfilling, minimising the risk of emission
of hazardous and harmful substances into air, water,
and soil as well. The high and repeatable recyclability of
PGMs lowers the environmental impact with each cycle,
reducing the overall environmental footprint of second-
ary production. Recycling of ACCs can significantly in-
crease the supply security for critical raw materials, such
as PGMs. In addition to the production of catalysts for
the automotive industry, PGMs play an important role in
green technologies, making them strategic raw materi-
als of global importance. PGMs are particularly needed
in the ongoing energy transition, such as the decarboni-
sation process of the transport sector, and the improve-
ment and development of fuel cell technologies.

However, the continuing global demand for PGMs
cannot be met from the primary sources but must rely on
recycling. Regeneration, reactivation, and reuse of spent
automotive catalytic converters are also advisable, but
ultimately, converters must be recycled. The recycling
of spent automotive converters should be carried out in
compliance with the highest environmental requirements
and standards regarding all the steps of the recycling
process, as catalytic converters are both harmful and
valuable solid waste.

From an industrial perspective, pyrometallurgy is the
predominant recovery technique, followed by hydromet-
allurgy, while biometallurgy is currently applied mostly on
a laboratory scale. Since the smelting of PGM concen-
trates is limited by major challenges, mostly high energy
consumption and environmental pollution, researchers
have focused primarily on the development of advanta-
geous and innovative hydrometallurgy methods. Leach-
ing has become a preferred method for recovering PGMs
due to its numerous advantages, including cost-effective-
ness and environmentally friendly practices. Leaching
technologies have demonstrated significant advantages
over conventional pyrometallurgical methods, including
lower operating temperatures, reduced use of hazard-
ous reagents, the potential for simultaneous recovery of
PGMs and co-metals such as Ce and Zr, improved con-
trol over operational parameters, scalability across differ-
ent production capacities, and the generation of liquid ef-
fluents that are generally easier to manage compared to
the gaseous emissions and solid residues characteristic
of high-temperature pyrometallurgical treatments. How-
ever, due to the high chemical inertness of Rh, its lower
recovery rates compared to Pt and Pd remain one of the
issues that need to be improved, as well as the recov-
ery of other valuable components from the wash coat of
spent automotive catalytic converters, and the efficient
utilisation of the by-products (e.g. SiO,, Al,O,, and MgO).

In the coming years, the development of a viable sup-
ply strategy for spent automotive converters from end-of-
life vehicles, together with the improvement and optimi-
sation of the recycling process and the development of
efficient large-scale facilities, will have a significant im-
pact on the growth of the sustainable recycling industry,
including waste reduction, lower consumption of water
and energy, introduction of environmentally friendly rea-
gents, repeatability, etc. Still, the current low collection
rate of spent automotive catalytic converters, as well
as the resale of older vehicles in countries with lower
GDP that lack an organised system for collecting spent
converters, lowers the overall efficiency and economi-
cal recovery of PGMs. Global geopolitical disturbances
leading to economic uncertainty could further slow au-
tomobile sales and ultimately reduce automotive scrap
volumes. Additionally, the shift to electric vehicles is ex-
pected to reduce global demand for PGMs, weakening
the current recycling system for catalytic converters from
end-of-life vehicles, and therefore redirecting attention
toward alternative secondary raw materials in the future.
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Furthermore, the EU is focused on achieving zero-CO,
emissions for all new cars produced starting in 2035,
leading to high demand for PGMs for at least the next
decade. However, by focusing on innovative technolo-
gies and sustainable strategies, it is possible to reduce
the global environmental impact of producing PGMs
from secondary resources while meeting the demand for
these critical and strategic metals in everyday use.
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lzvod

ISTROSENI AUTOKATALIZATORI OTPADNIH VOZILA KAO VREDAN IZVOR

PLATINSKE GRUPE METALA

Ana Radojevi¢ @, Jelena Jordanovi¢ @, Tanja Kalinovi¢ @, Jelena Kalinovic @,
SneZana Serbula®

Univerzitet u Beogradu, Tehnicki fakultet u Boru, Bor, Srbija

Svake godine u Evropi potrebno je pravilno upravijati sa viSe od 5 miliona vozila
koja su na kraju svog veka upotrebe (engl. end-of-life vehicles, ELV), jer u suprot-
nom, neadekvatno rukovanje njima moze dovesti do zagadenja Zivotne sredine. Sa
ekonomske tacke gledista, oko 6 miliona tona materijala sa ekonomskom vrednoSc¢u
se godiSnje gubi sa ELV. Platina (Pt), paladijum (Pd) i rodijum (Rh) pripadaju platin-
skoj grupi metala (engl. platinum-group metals, PGM) i predstavljaju aktivnu kom-
ponentu autokatalizatora koji se koriste u cilju efikasne kataliticke konverzije izdu-
vnih gasova u manje Stetna jedinjenja. Automobilska industrija predstavlja jedan od
sektora koji zahteva upotrebu velike koli€ine resursa. Kako se broj motornih vozila
povecava, na svetskom nivou postoji konstantna potraznja za navedenim plemen-
itim metalima, koji takode spadaju i u kriti€ne metale. StaviSe, metali platinske grupe
koriste se u zelenim tehnologijama i to za elektrifikaciju motornih vozila, proizvodnju
zelene energije i vodonika, itd. Zbog visokog sadrzaja PGM, istroSeni autokatali-
zatori predstavijaju vredne sekundarne sirovine, koje se mogu iskoristiti sa nizim
ulaganjima i sa manjim uticajem po Zivotnu sredinu, u poredenju sa ekstrakcijom
PGM iz ruda. U nauénoj literaturi predlozeni su brojni agensi za luZzenje PGM, medu
kojima se favorizuju isplativa, ekoloski prihvatljiva i odrziva reSenja. Ovaj rad ima za
cilj da naglasi vaznost reciklaze PGM iz sekundarnih sirovina, pre svega istroSenih
autokatalizatora (engl. automotive catalytic converters, ACCs) i da pruzi jasan uvid
u klju€na pitanja vezana za trenutne globalne izazove ponude i potraznje za PGM.
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